We report on our searches for debris disks around seven relatively nearby radio pulsars, which are isolated sources and carefully selected as the targets on the basis of our deep K s -band imaging survey. The K s images obtained with the 6.5 m Baade Magellan Telescope at Las Campanas Observatory are analyzed together with the Spitzer /IRAC images at 4.5 and 8.0 µm and the WISE images at 3.4, 4.6, 12 and 22 µm. No infrared (IR) counterparts to these pulsars are found, with flux upper limits of ∼ µJy at near-infrared (λ < 10 µm) and ∼10-1000 µJy at mid-IR wavelengths (λ > 10 µm) obtained. The upper limits on the dust mass are estimated to be ∼10 −7 M ⊕ . The results of this search are discussed in terms of X-ray heating of debris disks and the efficiency of converting the pulsar spindown energy to thermal energy, compared to the two magnetars 4U 0142+61 and 1E 2259+586 and the Vela pulsar which are known to (probably) harbor a debris disk.
INTRODUCTION
Disks are ubiquitous in astrophysical systems at all scales, found almost anywhere an axis of symmetry exists, and play an important role in the appearance and evolution of these systems. For example, they are essential for the creation of planetary systems, formation of young stars, mass-transfer in binary systems, and fueling of the central engines in active galactic nuclei, even though the physical properties of both the disks and host systems differ dramatically.
Disks may also exist around isolated neutron stars, possibly formed from fallback material after supernova explosions (Lin et al. 1991; Chatterjee et al. 2000) . When a massive star dies in a supernova explosion, some amount of the ejecta (≤ 0.1M ⊙ ) may "fallback" onto the newly formed neutron star (Chevalier 1989; Woosley & Weaver 1995) . If much of the material is captured by the gravitational field of the neutron star and has sufficiently high angular momentum to prevent direct infall onto this compact star, a disk forms due to interactions between streams of the captured material.
There are a number of observational puzzles relating to radio pulsars that could be explained by disks (Michel & Dessler 1981; Cordes & Shannon 2008) . The evolution of pulse periods with time for most pulsars does not actually follow the detailed predictions of magnetic dipole radiation (e.g., Livingstone et al. 2007; Espinoza et al. 2011) , which could be due to disks (Menou et al. 2001; Ç alişkan et al. 2013 ) exerting excess torque on the pulsars' magnetospheres. In addition, some unique phenomena seen in individual pulsars, such as jets and neutron star precession, may arise from disks (Blackman & Perna 2004; Qiao et al. 2003) . The first extra-solar planet system was discovered around the ra-dio pulsar B1257+12 (Wolszczan & Frail 1992) . Even though the source is a millisecond pulsar with a complicated evolutionary path, it is generally believed that the planetary system had formed from a debris disk (e.g., Phinney & Hansen 1993; Miller & Hamilton 2001) . There is a type of radio emitting neutron stars, called rotating radio transients (RRATs; McLaughlin et al. 2006) , are characterized by short, periodic radio bursts (2-30 ms) spaced by long intervals (ranging from minutes to hours). The bursts, along with other variations in radio pulses (such as pulse nulling, drifting subpulses, and mode changes), might be caused by dusty material from a surrounding debris disk falling into the magnetosphere of a pulsar (Cordes & Shannon 2008; Shannon et al. 2013) .
Motivated by the discovery of the planetary system around the B1257+12 pulsar, searches for debris disks around neutron stars have concentrated on old radio pulsars, with no success (e.g. Foster & Fischer 1996; Koch-Miramond et al. 2002; Lazio & Fischer 2004) . These searches were however limited by the choice of targets (older, less energetic pulsars) and the instrumentation (poor sensitivity and angular resolution). Multiwavelength searches for fallback disks around a number of young neutron stars have been conducted, although these were largely not traditional radio pulsars but instead considered high-energy objects (e.g., Wang et al. 2006 Wang et al. , 2007a . They are the so-called central compact objects (CCOs; Pavlov et al. 2004; Gotthelf et al. 2013) and magnetars (Thompson & Duncan 1996) . The first are a class of radio-quiet X-ray point sources at the centers of young supernova remnants while the latter are believed to generally have ultra-high surface magnetic fields (∼ 10 14 G; Woods & Thompson 2006 ). Using Spitzer Space Telescope, the infrared (IR) counterparts to the magnetars 4U 0142+61 and 1E 2259+586 were found (Wang et al. 2006; Kaplan et al. 2009 ). For the first source, no single spectral model, such as a blackbody or a power law, can fit its combined optical and infrared (IR) spectral energy distribution. Instead, it is very likely that the IR emission arises from a residual dust disk. This disk, with an estimated mass of 
<10
−3 M ⊙ , is heated by the strong X-rays from the central pulsar (L X ≃ 10 36 ergs s −1 ) and appears bright at IR wavelengths (for example, L 4.5µm ≃ 5 × 10 31 ergs s −1 ). The disk's lifetime (> 10 6 yr) significantly exceeds the pulsar's age (≈ 10 5 yr), suggesting a supernova fallback origin. While there were only K s -band and Spitzer 4.5 µm detections of 1E 2259+586, the overall IR emission was similar to that from 4U 0142+61, suggesting the possible existence of a debris disk (Kaplan et al. 2009 ). Recently the Vela pulsar was also found to have similar emission excess at Spitzer 3.6 and 5.8 µm, and the possible indication of an X-ray irradiated disk around the pulsar was discussed (Danilenko et al. 2011) .
In order to explore the general existence of disks around isolated neutron stars, we have carried out disk searches around a few relatively young radio pulsars. The detectability of the disk around 4U 0142+61 is likely the result of a combination of the very strong X-ray heating of the disk and the relative youth of the object. For radio pulsars, their winds that carry much of their spin-down luminosity and contain energetic particles may heat a debris disk, producing IR emission (Jones 2007 (Jones , 2008 . Some fraction of the spin-down luminosity is conceivably assumed to illuminate surrounding disks. In this paper we report the results of disk searches around seven relatively young pulsars from our ground-based and Spitzer observations. The pulsar targets were carefully selected partly on the basis of an initial near-IR K s -band survey. In addition we also included the results from the all-sky survey conducted by the Wide-field Infrared Survey Explorer (WISE). Below we first describe our target selection in Section 1.1. The observations and data reduction are described in Section 2, and the results and discussion are presented in Section 3.
Target Selection
We selected sources from the pulsar catalog (Manchester et al. 2005 ) by rotational luminosityĖ sd (i.e., spin-down luminosity) scaled by distance d,Ė sd /d 2 , and picked the top 40 young, energetic pulsars that had not been well observed in the optical/IR bands. We might expect near-IR emission from debris disks, so we undertook observations in the K s band using the 6.5-m Magellan telescopes (see Section 2). In no case did we find a near-IR counterpart.
Based on the ground-based observations, we then selected seven pulsars (see Table 1 ) as our targets for Spitzer observations. The reasons for the selection are the following. First, they are relatively nearby, with typical distances of 4 kpc. A debris disk with a temperature of approximately 1000 K (Wang et al. 2006) would be bright in the mid-IR at that distance. Second, these targets are not surrounded by synchrotron nebulae that can envelope some of the most energetic pulsars (Kaspi et al. 2006; Gaensler & Slane 2006 ) and could hide mid-IR emission from the pulsar itself. Third and most important, since most pulsars are located primarily in the Galactic plane, the confusion with field stars is a serious problem. These targets were selected because they are in less crowded fields. For example, as indicated by Figure 1 , there are no stars detected within a 1.
′′ 0 radius circle. Using the Galactic disk dust map (Schlegel et al. 1998) , we estimated the extinction along each source's direction. The maximum extinction for our targets is approximately A V = 9 (for three high Galactic latitude sources, they only have A V ≈ 2). This limits the extinction effect that could alter the apparent colors of a star and cause us to mistake it for a disk. In Figure 1 , K s -band images of seven target fields are shown.
To our target selection we added one other source: RRAT J1317−5759. This object, which just emits sporadic bursts of radio waves, would not be detected simply based on our rotational luminosity argument. However, the mechanism for the radio bursting is not clearly understood, and may be related to substantial debris disks (Cordes & Shannon 2008) . Given that this source also has a clean field, we selected it as our target for testing this hypothesis.
OBSERVATIONS AND DATA REDUCTION

Magellan K s -band Imaging
We observed the fields of the seven pulsar targets in K s band using Persson's Auxiliary Nasmyth Infrared Camera (PANIC; Martini et al. 2004 ) on the 6.5-m Baade Magellan Telescope at Las Campanas Observatory in Chile. The observation dates are provided in Table 2 . The detector was a Rockwell Hawaii 1024×1024 HgCdTe array, having a field of view (FOV) of 2 ′ ×2 ′ and a pixel scale of 0.125 ′′ pixel −1 . The total on-source exposure times were in a range of 13-30 min. During the exposure of a target, the telescope was dithered in a 3×3 grid with offsets of 10
′′ to obtain a measurement of the sky background. The observing conditions were good, with 0.
′′ 4-0. ′′ 5 seeing in K s band. The FWHM values of point sources in our images are given in Table 2 .
We used the IRAF data analysis package for data reduction. The images were bias-subtracted and flatfielded. From each set of dithered images in one observation, a sky image was made by filtering out stars. The sky image was subtracted from the set of images, and then the sky-subtracted images were shifted and combined into one final image of a target field.
We astrometrically calibrated the images using Two Micron All Sky Survey (2MASS; Skrutskie et al. 2006) stars detected in the fields. For the targets except B0950+08, 20-60 2MASS stars were used for the calibration, and the resulting uncertainties are of the order of 0.
′′ 03. Therefore the positional uncertainties for locating the six pulsars on the images are dominated by the 2MASS systematic uncertainty of ≃0.
′′ 15. For B0950+08, only six 2MASS stars were detected to be used for the calibration, because it has a high Galactic latitude Gb. The nominal position uncertainty is 0.
′′ 13. Adding the 2MASS systematic uncertainty in quadrature, the positional uncertainty for locating it on the K s image is 0.
′′ 2. For flux calibration, 4-14 relatively bright 2MASS stars detected in the fields of the targets were used; bright stars were all saturated in our images. The uncertainties were in a range of 0.02-0.06 mag. For B0950+08, only one star with the 2MASS K s measurement was detected in the image of ours, but the uncertainty is 0.16 mag. Since it was observed in the same night as J0729−1448, the flux calibration results for the latter were used instead.
Spitzer Imaging
The Spitzer observations were conducted in year [2007] [2008] , with the observation dates given in Table 2 . The imaging instrument used was the Infrared Array Camera (IRAC; Fazio et al. 2004) . It operates in four channels at 3.6, 4.5, 5.8, and 8.0 µm. We observed our targets in Channels 2 (4.5 µm) and 4 (8.0 µm). The detectors at the short and long wavelengths are InSb and Si:As devices, respectively, with 256×256 pixels and a plate scale of 1.
′′ 2 pixel −1 . The field of view (FOV) is 5. ′ 2×5. ′ 2. To avoid possible saturation caused by bright stars in a target field, the frame times were set either 12 or 30 s, with 10.4 and 26.8 s effective exposure time per frame, respectively. The total on-source time in each observation is given in Table 2 .
The raw image data were processed through the IRAC data pipelines at the Spitzer Science Center (SSC). In the Basic Calibrated Data (BCD) pipeline, standard imaging data reductions, such as removal of the electronic bias, dark sky subtraction, flat-fielding, and linearization, were performed and individual flux-calibrated BCD frames were produced. The detailed reduction in the pipelines can be found in the IRAC Data Handbook. Using MOPEX, an SSC's package for reducing and analyzing imaging data, the BCD images were then combined into a final post-BCD (PBCD) mosaic at each channel.
WISE Imaging
Launched on 2009 December 14, WISE mapped the entire sky at 3.4, 4.6, 12, and 22 µm (called W1, W2, W3, and W4 bands, respectively) in 2010 with FWHMs of 6.1 ′′ , 6.4 ′′ , 6.5 ′′ , and 12.0 ′′ in the four bands, respectively (see Wright et al. 2010 for details). The WISE all-sky images and source catalog were released in 2012 March. We downloaded the WISE image data of each source field from the Infrared Processing and Analysis Center (IPAC). The WISE observation dates (in year 2010) and the depths of coverage (in units of pixels) are given in Table 2 . One pixel of the depth of coverage corresponds to 8.8 s on-source integration time (Wright et al. 2010 ).
RESULTS AND DISCUSSION
No candidate counterparts to the seven pulsars were detected from IR imaging. The positions of the pulsars are indicated in the K s -band images of the fields (Figure 1) , which have the best spatial resolutions among the IR images at the different bands/channels. For our ground-based and Spitzer imaging, we estimated flux upper limits and the results are given in Table 2 . For PSR J0940−5428 and J1015−5719, large-scale, nebulalike structures were detected around the sources at 8.0 µm, causing larger flux upper limits than that normally obtained. For WISE imaging, images of each source field at four bands were analyzed and bright WISE sources were used for flux calibration. The WISE flux upper limits for each pulsar were also estimated, which are given in Table 2 . Among the pulsar targets, one IR bow shock was detected around PSR 1549−4848, and studies of the bow shock were reported in Wang et al. (2013) . The spin-down luminosities and fluxes of our pulsar targets are given in Table 1 , where distances estimated from pulsars' dispersion measures are used (generally having 30% uncertainties). Except J1317−5759, the pulsars have fluxes of 7-90×10 −11 erg s −1 cm −2 . If a debris disk exists around a pulsar, the energy flux of the pulsar might be intercepted and a fraction of it would be re-radiated by the disk in the IR (e.g., Foster & Fischer 1996) . Given that the flux range is within an order of magnitude, we use the first pulsar, PSR J0729−1448, in Table 1 as an example and discuss the implications from our results.
In Figure 2 , the observed flux upper limits for the pulsar are shown. Since the extinction to our targets is generally low at the IR wavelengths, no corrections were made. Assuming a fraction η of the energy flux from the pulsar would be radiated at the IR bands [η(Ė sd /4πd
2 ) = νF ν , where F ν is the flux density at a band of frequency ν], the upper limits have reached η ∼ 5 × 10 −4 at 20 µm, which is nearly as deep as that for the planetary system PSR B1257+12 obtained from Spitzer MIPS observations (Bryden et al. 2006) . As pointed out by Bryden et al. (2006) , the η limit is still not sufficiently deep since most main-sequence stars with debris disks, which include our solar system, have η < 10 −5 . Even if a dust disk exists, emission would not be strong enough to be detected. At 4.5 µm, our upper limit has reached η ≃ 5 × 10 −6 , which is at least one order of magnitude deeper than that of the disk case of the magnetar 4U 0142+61 (η ∼ 10 −4 ; Wang et al. 2007a,b) . One difference should be noted: the main energy flux from 4U 0142+61 (as well as 1E 2259+586) is X-ray emission while that from the radio pulsars is in form of a pulsar wind that contains high-energy particles. Cordes & Shannon (2008) have proposed that Xray emission from a neutron star, due to thermal radiation from its high-temperature surface and/or nonthermal radiation from its magnetosphere, provides heating of a debris disk. If this is the case, assuming
sd (Becker & Truemper 1997 ; thermal emission is not included since cooling of neutron stars is highly uncertain), the fraction reached at 4.5 µm would be 5×10
−3 , actually not sufficiently deep in comparison with the 4U 0142+61 case.
Recently Danilenko et al. (2011) have found a candidate IR counterpart to the Vela pulsar from Spitzer imaging at 3.6 and 5.8 µm. If it is confirmed, the IR emission would likely indicate the existence of a debris disk around the middle-aged (spin-down age is 11 kyr) pulsar and provide a certain case for our understanding of the appearance of debris disks around canonical radio pulsars. The Vela pulsar hasĖ sd = 6.9 × 10 36 erg s −1 and L X ≃ 5.3 × 10 32 (Pavlov et al. 2001 ) and is at a distance of 287 pc (Dodson et al. 2003) , which imply fractions of 2.4×10 −8 or 3.2×10 −4 (at 5.8 µm) when itsĖ sd or Xray emission is considered, respectively. The value from considering X-ray heating is very similar to that in the 4U 0142+61 case, suggesting that X-ray heating probably plays the key role in making a debris disk detectable. Therefore the non-detection of any disks in this search could be just due to insufficient X-ray heating.
Using a debris disk model developed by A. Li et al. (2014, in preparation) , we estimate the upper limit on the dust mass. In the model, the dust is taken to be amorphous silicate of spherical radius a = 0.1 µm. The dust opacity κ abs (λ) is calculated from Mie theory using the dielectric functions of "astronomical silicates" of Draine & Lee (1984) , where λ is the wavelength. In the far infrared, κ abs (λ) ∝ λ −α where α ≈ 2 for amorphous silicate. For an optically thin disk, the temperature of the dust T varies with r as T (r) ∝ r −2/(4+α) ∝ r −1/3 , where r is the disk radius from the central star (see Li et al. 2014) . We take a power-law spatial distribution for the dust, with a surface dust density of σ(r) ∼ r −γ . Given the flux upper limits we obtained, for a dust temperature of 800 K at the inner edge of the disk and γ = 3/2, we derive an upper limit on the dust mass M d of ∼ 2.7 × 10 −7 M ⊕ . In Figure 2 , the model emission is compared with the observed flux upper limits of PSR J0729−1448. Similarly, the same modeling is performed for the other six pulsars. Similar dust mass upper limits are obtained (see Table 1 ).
We note that our survey is limited to hot debris disks, as the stringent sensitivities were provided by Spitzer 4.5 and 8.0 µm imaging. In addition to the three cases found around neutron stars, it is interesting to note that nearly all of the over 20 debris disks detected around isolated white dwarfs have similar temperatures (e.g., Farihi et al. 2009; Xu & Jura 2012) , although the disk material is considered to be provided by tidal disruption of asteroids around a white dwarf. For pulsars at ages of several tens of kilo-years to several million years, a disk around could have 600-700 K temperature (Cordes & Shannon 2008) . On the hand, searches for cold dust around our pulsar targets should be conducted, given the great capability now available from the Atacama Large Millimeter/submillimeter Array (ALMA) at submillimeter wavelengths. With its sensitivities at least an order of magnitude better than that in the previous searches (e.g., Phillips & Chandler 1994; Löhmer et al. 2004) , ALMA observations will help draw a full conclusion about our searches for debris disks around isolated radio pulsars.
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